ABSTRACT The regulation of the transport of leucine, isoleucine, and valine in Escherichia coli B/r was studied in a mutant with a complete deletion of the leucine biosynthetic operon and a temperature-sensitive leucyl-tRNA synthetase [L1leucine:tRNAI-u ligase (AMP-forming), EC 6.1.1.4].
Under conditions of excess leucine and a functional leucyltRNA synthetase transport activity was repressed. Shifting the culture to a temperature at which the activation of leucine to an appropriate tRNA species became growth-rate-limiting led to a large increase in the high-affinity transport of leucine, isoleucine, and valine (system LIV-I) while the uptake of histidine and proline was unchanged. A similar increase was observed for branched-chain amino-acid binding protein activity. The temperature change did not alter the transport activity for any of these substrates or the level of the binding proteins in an isogenic strain with a normal leucyl-tRNA synthetase. The increase in transport activity observed in the mutant was prevented by inhibitors of protein and RNA synthesis and probably represents an increase in the differential rate of synthesis of the protein(s) required for transport. These experiments demonstrate that the repression of branched-chain amino-acid transport involves the interaction of leucine with its aminoacyl-tRNA synthetase and its cognate leucyl-tRNA species. In 1965 Inui and Akedo (1) showed that the level of leucine transport could be lowered by growth of Escherichia coil with exogenous leucine. This study has been confirmed in a number of laboratories since that time (2) (3) (4) . During the same period of time extensive studies (5, 6) indicated that some aminoacyl-tRNA synthetases are important both as components in protein synthesis and as a part of the regulatory system by which certain biosynthetic operons are repressed by their cognate amino acids. The independence of the regulatory systems for transport and biosynthesis of the branched-chain amino acids has been established (7), although the regulatory systems for these two cellular processes appear to share some common component(s). The availability of a temperature-sensitive mutant for the leucyltRNA synthetase [L-leucine:tRNAI-eu ligase (AMP-forming), EC 6.1.1.4] provided an opportunity to determine if this enzyme was involved in the regulation of both transport and biosynthesis. The results of the present communication indicate that leucine must be activated to its respective leucyltRNAs to repress branched-chain amino-acid transport.
MATERIALS AND METHODS
Bacteria. Two strains of E. coil B/r were used: strain EB143 (ara-leuAllOl, leuSl) and its isogenic parental strain, EB144 (ara-leuAllOl). Strain EB144 was derived by selection for growth on leucine-containing media at 440 following a Pjbt transduction of strain EB143. The lysate was obtained from a wild-type B/r strain. The previously characterized ara-leuAllOl deletion (8) Biochemical Assays. Cell extracts were prepared for enzyme assays as previously described (7). Enzyme assays were performed within 1-2 hr after harvest. Whole cell transport was assayed as described (11) (11) ; and protein (13) .
Chemicals 
RESULTS
Branched-chain amino-acid transport and shockable branched-chain amino-acid binding proteins can be repressed by the addition of leucine, isoleucine, valine, methionine, or alanine to the culture medium (2-4). However, the depression of transport activity by limitation of these amino acids in appropriate auxotrophic strains has not been explored. Recent studies indicate that leucine limitation alone is both necessary and sufficient to cause depression of transport for'all three branched-chain amino acids (S. C. Quay and D. L. Oxender, manuscript in preparation). To determine if leucine must be activated to an appropriate tRNAJeU to participate in the repression of transport and binding proteins, the expression of these activities was studied at growth-restricting temperatures in a strain with a temperature-sensitive leucyl-tRNA synthetase. A potential source of error in measuring transport in a temperature-sensitive tRNA synthetase mutant of a prototrophic'strain is the large increase in the internal amino-acid levels upon derepression of biosynthetic operons. For this reason, we chose a strain with a deletion of the leucine biosynthetic operon for our studies. Control experiments indicated that three washes were sufficient to prevent inhibition of transport by the leucine added to the growth media. Studies with another temperature-sensitive leucyl-tRNA synthetase mutant with an intact leucine biosynthetic operon produced qualitatively similar results to those reported here.
Cultures of EB144 (ara-leuAllOI) and EB143 (ara-leu-A1101, leuSI) were grown at 36' in a glucose-minimal medium containing 0.2 mM L-leucine. The first-order growth rate constant for both strains was 0.91 hr'1 under these conditions. The temperature of the cultures was shifted to 410, increasing the growth rate constant of EB144 to 1.06 hr'1 and changing the growth rate constant of EB143 to essentially 0 after an increase of about 55% in protein. The activities of several transport systems were measured after both cultures had incubated at 410 for a period of time which allowed about 55% increase in cell mass in both cultures (24 min for strain EB144; 60 min for strain EB143). The regulation of histidine and proline transport is leucine-independent and the uptake by these shock-sensitive and membrane-bound systems, respectively, served as a control during the temperature change. From the activities of these transport systems, the differential rate of synthesis (A uptake units/A mg 'of protein) during balanced growth at 370 (which is identical with the specific activity) and the differential rate of synthesis during the growth increment at 410 were calculated.
The results in Table 1 are typical of several experiments. They show that the change in temperature has a large effect on leucine, isoleucine, and valine transport activity in strain EB143 with an altered leucyl-tRNA synthetase, resulting in a 5-to 10-fold increase in transport activity compared to the isogenic parental strain. The temperature change had no effect on either proline or histidine uptake.
The possibility that the increase in branched-chain aminoacid transport mediated by the leucyl-tRNA synthetase was due to activation of preexisting transport components was tested. Strain EB143 was grown at 360 in the glucose-basal salts medium containing 0.2 mM leucine and when the culture was shifted to 410 either chloramphenicol (200 mg/ liter) or rifampin (200 mg/liter) was added. Although the control cells (without antibiotics) derepressed transport, the presence of an inhibitor of protein synthesis (chloramphenicol) or an inhibitor of RNA polymerase initiation (rifampin) prevented the increase in branched-chain amino-acid transport.
Since these strains contain no leucine biosynthetic enzymes, we could not monitor the expression of this operon. However, the genes coding for the enzymes of valine and isoleucine biosynthesis are intact. The first enzyme in the biosynthesis of isoleucine and' valine is threonine deaminase (the ilvA gene product), which has been shown to be under multivalent regulation by leucine, isoleucine, and valine (14) . More recently, this enzyme, in a precursor form, has been postulated to regulate the expression of the ilvADE operon in response to limitation of leucyl-, isolaicyl-, and valyl-tRNA (15) . Since the synthesis of this enzyme derepresses in response to a limitation for leucyl-tRNA, we measured this enzyme in strains EB143 and EB144 at both permissive and nonpermissive temperatures ( Table 1 ). The derepression of threonine deaminase in strain EB143 at 410, even in the presence of excess leucine, isoleucine, and valine, provides further evidence that, in fact, the activation of leucine has become the growth-rate-limiting step when the temperature is raised from 36' to 41°.
Recently, the transport of branched-chain amino acids has been shown by genetic and kinetic means to occur by multiple systems (3, 16, 17) . There exist high affinity uptake systems for leucine, isoleucine, and valine associated with the periplasmic binding proteins (LIV-I) and a low affinity system which appears to be membrane-bound (LIV-II) in E. coli. The kinetics of leucine transport in strain EB143 were examined in cells in balanced growth at 360 and again after restricted growth at 410 to determine which systems are affected by the leuSI lesion. Fig. 1 shows plots of leucine uptake between 0.1 and 5 AtM. These kinetic data (Table 2) indicate that the resnricted growth at 410 has led to a 10-fold derepression of high-affinity uptake while the LIV-II system was derepressed about 2.4-fold. The kinetics of high-affinity uptake of leucine includes a component which is resistant to inhibition by isoleucine and valine and has been called the leucine-specific uptake system (11) . Our determination of total high-affinity uptake does not resolve LIV-I and L-S transport activities.
Since the periplasmic branched-chain amino acid binding proteins are required for branched-chain amino-acid transport as shown by kinetic, genetic, and biochemical studies (3, 11, 17) , the quantity of these proteins in the shock fluid from EB143 and EB144 was determined. 
DISCUSSION
The expression of branched-chain amino acid transport and binding proteins was previously found to be repressed by the addition of leucine to the growth medium (2) . Since this behavior was analogous to the regulation of leucine biosynthesis in E. coli, we explored the possibility that these two cellular processes are regulated in a concerted manner (7) . We concluded that the transport system and biosynthetic enzymes for leucine, isoleucine, and valine in E. coli and Salmonella typhimurium are not regulated together by a cisdominant mechanism and, although both systems might have components in common, they are at least partially separable in terms of a trans-dominant regulatory system. One t Proteins with leucine-binding activity were obtained by osmotic shock and were assayed at 10 gM L-leucine and 4°as described previously (11) . The specific activity is expressed as gmol of leucine bound per gram of protein.
obvious candidate for a common component in the regulation of both processes was the requirement for aminoacyltRNA rather than the free amino acid for repression. These considerations led to the present study, which concludes that both transport activity and the level of periplasmic binding proteins from a mutant with a temperature-sensitive lesion in the leucyl-tRNA synthetase are not regulated simply by the cellular level of free leucine but rather by some interaction of leucine with a functional leucyl-tRNA synthetase.
The nature of the interaction between leucine and its activating enzyme which is required for repression cannot be determined from these studies, although the probable mechanisms for the analogous considerations of valine-dependent repression have been summarized elsewhere by Eidlic and Neidhardt (19) . In addition, a role for uncharged tRNALeU or the leucyl-tRNA synthetase as a positive effector in regulation of transport is also cosistent with these experimental results.
The physiological regulation of the branched-chain amino-acid transport system apparently uses mechanisms similar to amino-acid biosynthesis, in that the biosynthetic enzyme activity is regulated by the level of the free amino acids while the enzyme level is controlled by the aminoacylated tRNA species (5, 6) . It had been shown previously that the transport activity for certain amino acids can be affected by the pool amino acids (2, 18) ; here, we see that the level of the transport system is controlled by an aminoacyl tRNA. The extension to other transport system of a role for aminoacyl-tRNA activating enzymes in the regulation of transport must, of course, await further studies.
